This paper describes an investigation conducted on flame stability and exhaust emissions from a turbulent diffusion combustor, fueled with low-calorific gas, for a small-scale fuel cell. It is important to maintain flame stability in the combustor, even under lean fuel conditions, and to suppress CO emission in the exhaust gas. An imitation off-gas, in which hydrogen and methane were diluted by adding nitrogen, with Wobbe indices ranging from ca. 4 400 -8 700, corresponding to the fuel utility ratio of 90% -60% in the fuel cell, was supplied to the combustor, and the blow-off limits, CO, and NO x emissions were experimentally investigated. The results show that the blow-off excess air ratios increases with an increasing Wobbe index and with decreasing fuel input to the combustor, and that they are proportional to the hydrogen concentration in the fuel to the power of 0.5 -1.0. In addition, it was found that the Damköhler numbers at blow-off limits decreased with decreasing fuel input and with increasing Wobbe indices, and that the product of (
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Introduction
In recent decades much effort has been devoted to high-intensity combustion of fossil fuels and subsequent reduction of exhaust emissions especially, NO x emissions. The combustible waste, biomass and low-calorific gases have begun to be applied to combustion systems. On the other hand, much attention has been paid to co-generation systems for their highly efficient energy utilization and their effect in reducing the emission of carbon dioxide. Now under development are promising small-scale cogeneration systems equipped with fuel cells for residential use.
In the present study, the author experimentally inves-tigates the combustion characteristics of a diffusion flame combustor for low-calorific gaseous fuel such as "off-gas" in a natural gas converter applied to a fuel cell system. In these systems, the fuel utilization ratio, defined by the ratio of fuel remaining/fuel input in fuel cells, varies with changes in the cell operating load. This leads to changes in the composition of off-gas released from the cell. Many researchers have conducted studies on combustion characteristics, flame stability and lean blow-off limits for hydrocarbon fuels (1) - (8) and hydrogen fuel (9) . Unfortunately, however, it seems that few studies exist that focus on the flame stability of low-calorific fuels containing hydrogen, such as "off-gas", for a small-scale combustor. In response to this problem, therefore, the author investigates the effects of calorific values (hydrogen concentration) of offgases and combustion load in the combustor on flame stability and exhaust emissions in this study.
Nomenclature
A : frequency factor Dam : Damköhler number E H 2 : overall activation energy of hydrogen-air reaction (67 kJ/mole (11) , 75 kJ/mole (12) ) E CH 4 : overall activation energy of methane-air reaction (109 kJ/mole (11) Table 1 shows an example of the composition and properties of off-gas from a fuel cell. The main combustible components are hydrogen and methane, of which the volumetric fractions are 16 -38% and 4 -3%, respectively, in accordance with the changes in the fuel utilization ratio. In the experiments on combustion characteristics, the author used imitation off-gas in which water vapor (H 2 O) and carbon dioxide (CO 2 ) in off-gases were replaced with nitrogen, and the heating values was adjusted to those in Table 1 . Carbon monoxide was neglected due to it's being a minor component. The higher heating values (HHV), Wobbe indices (WI) which are the values of HHV divided by the square root of their specific weights in comparison with air, and stoichiometric air/fuel ratios R st are ca. 3 800 -5 900 kJ/Nm 3 , ca. 4 400 -8 700, and ca. 0.8 -1.2, respectively. When the fuel cell system operates under normal conditions, the fuel utilization ratio is in the range of 70 -80%; the combustion experiments, however, were conducted under Wobbe indices broader than those under normal conditions. Figure 1 shows the structure of the combustor. It consists of an air chamber, a combustion chamber, a tangential swirler, and fuel nozzles arranged co-axially for natural gas and off-gas in order to make the burner compact. The combustion chamber wall has many small holes for secondary air injection, adjusting the combustion gas temperature to that appropriate for operating the reformer. The inner and outer diameters of the swirler are 20 mm and 40 mm, respectively. The eight swirl vanes are arranged spokewise at a vane angle of 80
Experimental
• , swirling air at the exit of the swirler to form a recirculation zone at the burner tile Table 1 Composition and property of off-gas (Example) and the combustion chamber. During system operation, the air introduced from an air inlet to the air chamber is divided into combustion air directed to the swirler and dilution air directed to the secondary air holes. In the present study, the secondary air holes were closed, which enabled to investigate the influence of the primary air through the swirler solely on flame stability. Natural gas or the imitation off-gas was supplied to the fuel nozzles and the turbulent flame was stabilized in either the burner tile or in the combustion chamber. Figure 2 presents the experimental setup. The heat sink was arranged just down-stream of the combustor and was cooled by air. The inner wall temperature of the heat sink was adjusted to that of the reformer to simulate the reforming operation. The burned gas sampled at the exit of the heat sink was directed to gas analyzers to measure the concentrations of the chemical species CO, NO x , CO 2 , and O 2 . The blow-off limits were determined by observing flame extinction and the steep drop of burned gas temperature at the exit of the combustion chamber, while maintaining a constant fuel flow rate and increasing the combustion air flow rate. Figure 3 shows the plots of blow-off excess air ratios. The excess air ratios were obtained based on the airflow rate through the swirler and the fuel flow rate. The fuel inputs are those of higher heating values (HHV) of the imitation off-gas. It is noted that higher excess air ratios of blow-off limits are obtained in cases of less fuel input and a higher Wobbe index, in which blue flames were observed near the fuel injection holes of the fuel nozzle at excess air ratios near the blow-off limit. No visible flame was present near the fuel nozzle in cases of higher fuel input and lower Wobbe indices at excess air ratios close to the blow-off limit. However, the reaction zone was considered to be anchored to the inside of the burner tile because the recirculation zone must be formed by swirling flow. The blow-off limits for natural gas combustion are also presented in the figure for reference, showing that they have the same excess air ratios as those of the lowest Wobbe index (ca. 4 420) for the imitation off-gas. Thus, this figure indicates the importance of the fuel-input quantity and the Wobbe index, which are related to fuel-air velocity and hydrogen concentration in the fuel gas. The Wobbe index in an actual operational system is ca. 6 100.
Results and Discussion
In practice, it is important to reduce the carbon monoxide (CO) emissions in the exhaust gas. Figure 4 shows plots of CO emission versus the excess air ratio λ for fuel inputs of 0.5, 1.0, and 1.5 kW. The figure presents the emissions of the higher heating values of 3 810 and 5 890 kJ/Nm 3 , which are the lowest and the highest values, respectively, in the test imitation off-gas. Generally, CO emission increases steeply over the excess air ratio at which CO = 100 -200 ppmV in a lean fuel condition. In the figure, the excess air ratio (λ CO=200ppmV ) at which CO emissions are 200 ppmV in the lean fuel condition are ca. 2 -3, showing comparatively good performance in spite of low calorific fuel combustion. The λ CO=200ppmV values for the HHV of 5 890 kJ/Nm 3 are higher than those for the HHV of 3 810 kJ/Nm 3 . The same tendency is observed for fuel inputs 0.5 -1.5 kW.
The "margin ratio", defined as (the excess air ratio of blow off λ blow−off ) / (λ CO=200ppmV in fuel lean condition) is presented in Fig. 5 . The λ CO=200ppmV values shown in Fig. 4 are also summarized in Fig. 5 . The margin ratios are ca. 1.5 -3.5 for fuel inputs of 1.5 -0.5 kW, showing higher flame stability at lower combustion loads and in Fig. 3 Plots of blow-off limit versus fuel input.
•: Run NO.1, ♦: Run NO.2 for natural gas Fig. 4 Plots of CO emission versus the excess air ratio λ higher HHV. In Fig. 3 , it was pointed out that hydrogen concentration in the fuel gas and the fuel-air velocity were important for determining the blow-off limits. Figure 6 shows the plots of blow-off excess air ratio λ blow−off versus the hydrogen fraction [H 2 ] f in the fuel gas. It is noted that the λ blow−off correlates with the hydrogen fraction in the fuel gas. For fuel inputs 1.0 and 1.5 kW, the blow-off λ blow−off is proportional to ca. [H 2 ] 0.5 f , and for fuel inputs 0.5 kW, proportional to ca. [H 2 ]
1.0 f . The difference between the excess air ratio of λ blow−off for the 0.5 kW fuel input and those of higher fuel inputs increases with an increasing hydrogen fraction [H 2 ] f . This means that, at higher fuel inputs of 1.0 and 1.5 kW, flame stability improves little, as happens with lower combustion loads. This fact may be due to excess dilution of fuel with combustion air by a higher turbulent mixing rate, or to a decrease in the ratio, (burning reaction rate)/(fuel-air flow velocity) at the swirl flame stabilizer. Figure 7 is an index of heterogeneity of fuel gas in combustion air and also an index of diffusion combustion. The ratios less than unity suggest that there are local areas where the hydrogen concentration is greater than that of the flammability limit. In case of the fuel input of 0.5 kW, the ratio is less than unity and decreases monotonically as the fuel HHV increases, meaning that the burning reaction remains under diffusion combustion process as HHV increases. In case of the fuel input of 1.0 kW, the ratio is greater than unity and increases as HHV increases when below 5 000 (kJ/Nm 3 ). This means that the reaction becomes less stable. For HHV greater than 5 000, the ratio remains nearly constant (decreasing slightly), suggesting that higher hydrogen concentration enhances the flame stability. When the fuel input is 1.5 kW, the ratio is greater than unity and increases monotonically as HHV increases. As mentioned before, it is considered that a higher velocity of fuel injection and combustion airflow, or an excess mixing of fuel and combustion air surpasses improving of flame stability with higher hydrogen concentration. The velocities of fuel gas and combustion air and the reaction rate must be taken into consideration in order to discuss this difference in precise detail.
Plots of the Damköhler number versus the adiabatic flame temperature are shown in Fig. 8 (a), (b) and (c) for fuel inputs of 1.5 kW, 1.0 kW and 0.5 kW, respectively. The Damköhler number is expressed as below in the present study. 4 ] f is 4 -15 in the imitation off-gases, and the ratio of exp(−E H 2 /(RT ad ))/exp(−E CH 4 /(RT ad )) is 12 -150 for adiabatic flame temperature T ad = 2000 -1 000 K, being much greater for lower flame temperatures at leaner excess air ratios as near the blow-off limit. Regarding the burning velocity of the imitation off-gas, because the contribution of methane is far smaller than that of hydrogen gas, it should be reasonable to neglect the effect of the methane on burning velocity in the Arrhenius formulation in Eq. In Fig. 8 (a) , it is noted that the Damköhler numbers at blow-off limit are in the range of (2.2 -4.2)×10 −6 for Wobbe indices of 8 750 -4 420, and that they decrease as the Wobbe index increases. In Fig. 8 (b) for the fuel input of 1.0 kW, the range of the blow-off Damköhler numbers is (1.5 -3.6)×10 −6 , less than those in Fig. 8 (a) , and shows the same tendency for the changes of Wobbe indices. In Fig. 8 (c) , the range for the fuel input of 0.5 kW is less than 2.1×10 −6 . These data show that the Damköhler numbers at blow-off limit decrease with decreasing fuel input. In the case of fuel input of 0.5 kW, the adiabatic flame temperatures at blow-off limits for Wobbe indices of 6 110, 7 530, and 8 750 were not obtained, because the excess air ratios for them were in the very lean fuel condition, and the chemical equilibrium program did not work correctly. Hence, nominal Damköhler numbers obtained by assuming that the excess air ratio is 6, which is an example of a leaner fuel condition than the blow-off excess air ratio (ca. 4) of a Wobbe index of 4 420, are shown in Fig. 8 (c) for reference. It is considered that, in these cases, the burning reactions occurred in a diffusion flame and the Damköhler numbers at blow-off limits are not identified. However, it can be pointed out that the "apparent" Damköhler number, assuming the complete mixing of the fuel gas and combustion air, is a useful parameter for quantitatively assessing flame stability in the blow-off limits of low calorific fuel combustion. A lower Damköhler number at the blow-off limit shows the robustness of the flame stability. The logarithmic plots of Damköhler numbers at blowoff shown in Fig. 8 (a), (b) , and (c) are summarized in Fig. 9 in the format of Arrhenius plots. It should be noted that the Damköhler numbers at blow-off exist on one line, which is expressed in the Eq. (2) of the least square approximation.
ln(Dam blow−off ) = −0.6475 10 The logarithmic expression of Eq. (1) is shown as Eq. (3), and on comparing Eq. (2) with Eq. (3), it was found that the "apparent activation energy" of blow-offDamköhler numbers is 53.9 kJ/mole, and that the second term on the right-hand side of Eq. (3) is a constant value of −6.823 5. This means that blow-off takes place when the product of (
0.5 is constant, that is, at the critical ratio of (the concentrations of reactants) / (the flow velocity) at the swirl stabilizer. Figure 10 presents plots of NO x emission versus the excess air ratio. It is noted that the NO x emissions are rather low; even the maximum value is less than 20 ppmV. In the case of the lower fuel input (0.5 kW) and a higher Wobbe index (8 750), higher NO x emissions are obtained with leaner excess air ratios. This result suggests that the reaction mechanism present in this case is different from those in the other cases. Figure 11 shows the Arrhenius plots of NO x emissions. The flame temperatures were obtained with the chemical equilibrium calculation by changing the excess air ratios. Matsui (10) reported the measurement of NO x in the burned gas of the premixed flames for typical hydrocarbons C n H 2n+2 (n = 1 -4). He showed that logarithmic plots of the NO x emission versus the flame temperature T f are expressed by two lines, i.e., the contributions of prompt NO (activation energy E 1 = 42 kJ/mole) and of Zeldovich NO (E 2 = 250 kJ/mole). The present Arrhenius plots of NO x emissions show that the activation energies for fuel inputs of 1.0, and 1.5 kW with a Wobbe index of 8 750 are nearly equal to that of prompt NO formation, E 1 = ca. 42 kJ/mole, suggesting that the NO x formation is attributed mainly to the prompt NO mechanism in these cases. When the activation energy E of NO x formation consists of E 1 and E 2 as mentioned above, the following relation must be maintained:
where α is a contribution factor of prompt NO formation, 0 ≤ α ≤ 1. For the fuel input of 0.5 kW and a Wobbe index of 8 750, the activation energy is less than that of prompt NO formation, suggesting that the flame temperature is probably underestimated, which means that the fuel gas and combustion air are not completely mixed prior to the combustion reaction. This suggestion coincides with data for higher NO x emissions with a Wobbe index of 8 750 and a fuel input of 0.5 kW than those in the other cases shown in Fig. 10 . It is also shown here that the activation energies for a Wobbe index of 4 420 are marginally greater than the energy E 1 . This may mean that NO x formation is substantially based on prompt formation, with a small contribution from Zeldovich NO, of which the activation energy is c.a. 250 kJ/mole. On the other hand, it is noted that, for a Wobbe index of 4 420 in the temperature range of 7 < 10 4 /T ad < 7.5, several plots ( ) of 1.5 kW are on the gradient line of prompt NO formation. It seems more likely that incomplete combustion at higher excess air ratios leads to lower NO x formation and higher apparent activation energy.
In fuel-rich hydrocarbon flames, it is generally recognized that HCN assists in the production of prompt NO. Even though the present combustion is under the lean fuel condition and the main combustible component in the fuel is hydrogen, methane (hydrocarbon fuel) is also contained in the imitation off-gas, and flame temperature is relatively low as for rich-fuel combustion. Hence it is considered that NO x formation here may be also attributed to the mechanism for prompt NO formation via the intermediate product HCN. This is because, in low temperature combustion, the reaction of NO x formation, for which the activation energy is low, takes precedence over the reaction whose activation energy is high.
Conclusion
The author conducted an investigation with regards to flame stability and exhaust emissions from a turbulent diffusion combustor fueled with low-calorific gas for a smallscale fuel cell. The main results are summarized as follows:
( 1 ) The blow-off excess air ratio λ blow−off in the lean fuel condition is 3 -10. The λ blow−off values increase with an increasing Wobbe index and with decreasing fuel input to the combustor.
( 2 ) The excess air ratio at which CO emission is 200 ppmV in the lean fuel condition is ca. 2 -3. (CO emission increases steeply over the above excess air ratio of λ CO=200ppmV in lean fuel combustion.) The λ CO=200ppmV values increase with an increase in the Wobbe index and are nearly constant for each Wobbe index in the range of fuel inputs of 0.5 -1.5 kW.
( 3 ) "The margin ratio," defined as (excess air ratio of blow-off λ blow−off )/(λ CO=200ppmV in the lean fuel condition), were ca. 1.5 -3.5 for fuel inputs of 1.5 -0.5 kW. A stable flame was obtained at lower combustion loads. 0.5 is constant; that is, at the critical ratio of (concentrations of reactants)/(flow velocity) at the swirl stabilizer.
( 6 ) The apparent activation energy of NO x emission derived from Arrhenius plots is nearly equal to that of prompt NO in combustion of imitation off-gas.
